Soft-X-ray absorption spectroscopy, soft-X-ray magnetic circular dichroism, and alternating current magnetic susceptibility were performed on 6.7 nm iron oxide 
INTRODUCTION
Protein encapsulated magnetic nanoparticles have generated interest for use in a number of applications including biological detection, cancer treatment and as Magnetic Resonance Imaging (MRI) contrast agents [1] [2] [3] . In particular, Mn-doped iron oxides are being examined as a MRI contrast material where the protein cage is human ferritin, improving its biological compatibility, and the exterior of the protein cages can be genetically modified to bind to specific cell types. Separately controlling the properties of these nanoparticles without modifying their size is important for actualizing these unique applications envisioned for protein encapsulated magnetic nanoparticles [4, 5, 6] . One important way to make these modifications is through doping iron oxides with other magnetic transition metals including transition metals that are ferromagnetic (e.g. Co [7] ), paramagnetic (e.g. Zn [8] ), and anti-ferromagnetic Mn in their bulk behavior.
The spinel structure, AB 2 O 4 , is characterized by two structurally unequivalent sites, the tetrahedral A-site and the octahedral B-site. It is a mixed valence system with one third of the metallic cations in a +2 valence and two thirds in a +3 valence. The arraignment of these cations in the A and B site determine whether it is a normal spinel, an inverted spinel, or a mixed spinel [9] . Magnetite, Fe 3 O 4 , is a ferrimagnet in the inverse spinel structure with an average measured moment of 1.37 µ B per Fe atom [9] . In addition to the possible variations within the ideal spinel structure, a defected spinel has the same basic structure but with vacancies. One example, Maghemite, γ-Fe 2 O 3 , has one in nine Fe sites vacant, since the vacant sight would have been occupied by octahedreal +2 iron iones, all Fe cations are in the +3 valence state for charge neutrality, and the average measured magnetic moment is reduced in this ferrimagnetic system to 1.2 µ B per Fe atom [9] . In general, a more complicated defect structure may be present and will be referred to as a Fe-oxide with a defected spinel structure.
EXPERIMENTAL PROCEDURE
In this study, Mn is doped (0-33%) into 6.7 nm (+/-1 nm) Fe-oxide nanoparticles grown inside the hollow spherical shell horse-spleen ferritin (HSF) protein cages (exterior diameter 12 nm, interior void diameter 8 nm). For details of the synthesis process, refer to reference [10] . To determine the composition and investigate the evolution of the electronic structure and the magnetic properties, X-ray measurements, both XAS and XMCD, were performed at the beamline 4.0.2 and 6.3.1 of the Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory. Both the X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) spectra of the Fe and Mn L 2,3 -edges were performed in the transmission geometry and total electron yield configuration with the nanoparticles dried onto a formvar coated TEM grid. The XAS was preformed primarily at room temperature while the XMCD was preformed both at room temperature and with the samples cooled to ~20 K in full saturation (in an applied field of 0.5 to 1T) with the magnetic field directed along the photon propagation direction, using 90% circular polarized light. It should be noted that due to the difficulties in mass-normalization of protein-encapsulated nanoparticles all magnetization density measurements were obtained using X-ray magnetic circular dichroism (XMCD) measurements rather than vibrating sample magentometery (VSM). By comparing the Fe and Mn L 23 -edge XAS peak heights, a precise determination of the nanoparticle composition can be made.
Although the solution concentrations for the nanoparticles were targeted to be 0%, 5%, 10%, 15%, 20%, 25%, and 33%, the actual compositions were determined to be 0%, 6.1%, 10%, 15%, 23%, 26%, and 33%, respectively. ) were not used because they were found to be contaminated with mixtures of higher Mn valence states both from the XAS measurement and X-ray powder diffraction.
Temperature dependent, alternating current magnetic susceptibility (ACMS) measurements were preformed at multiple frequencies on a Quantum Design Physical Property Measurement System (PPMS) to demonstrate that these particles were none interacting and that to measure the anisotropy energy as a function of Mn concentration. In order to verify the size of the particles a size distributions from transmission electron microscopy (TEM) were obtained and selected area TEM electron diffraction was used to acquire diffraction on the nanoparticles verify a spinel structured oxide.
RESULTS AND DISCUSSION
Frequency dependent ACMS measurements were done on the nanoparticles with frequencies ranging from 178 Hz -10,000 Hz. The shape of the susceptibility curves do not show evidence the Mn XAS to these reference spectra and to published molecular orbit calculations [11] indicates that the Mn is primarily in a Mn +2 valence state (the XAS peaks for higher Mn valence occur at higher binding energy). The simple nature of the Mn XAS structure also suggests that the nanoparticle is free of the tetragonal distortion present in bulk Mn 3 O 4 .
In the bulk, the Mn substitutes primarily into the tetrahedral site as Mn 2+ [9] . As the Mn concentration increases to 33%, the material remains ferrimagnetic with an increasing total measured moment per formula unit to 4.6 µ B [9] . By performing Fe L 23 -edge XMCD measurements on the particles, it is possible to obtain the average magnetic moment per iron lattice position and provide insight into the site occupation of the remaining Fe atoms. This result (shown as filled circles in Figure 2 ) displays a rapid decline, not increase, in the average 
